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precision studies of the proton’s helicity structure
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  found	
  to	
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  HERMES]

Δg(x,Q2)
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  small	
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  behavior	
  completely	
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Δq’s	
  (x,Q2)

•	
  surprisingly	
  small/positive	
  Δs	
  from	
  SIDIS	
  

•	
  known:	
  quarks	
  contribute	
  much	
  less	
  to	
  proton	
  spin
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  than	
  expected	
  from	
  quark	
  models
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  yet,	
  large	
  uncertainties	
  in	
  ΔΣ	
  from	
  unmeasured	
  small	
  x

•	
  some	
  indications	
  for	
  non-­‐trivial	
  flavor	
  structure	
  of	
  quark	
  sea

x
does	
  it	
  fit	
  with	
  negative	
  integral	
  expected	
  from	
  SU(3)	
  arguments

data
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  COMPASS	
  

RHIC	
  pp	
  data
constraining	
  Δg(x)

in	
  approx.	
  0.05	
  <	
  x	
  <0.2
data	
  plotted	
  at	
  xT=2pT/√S

key asset of eRHIC: kinematic coverage
eRHIC	
  might	
  be	
  realized	
  in	
  stages:	
  5	
  x	
  100	
  –	
  5	
  x	
  250	
  GeV	
  [stage-­‐1]	
  to	
  20	
  x	
  250	
  GeV	
  [full]
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unprecedented	
  opportunities	
  in	
  DIS,	
  SIDIS,	
  …	
  with	
  polarized	
  beams

key asset of eRHIC: kinematic coverage
eRHIC	
  might	
  be	
  realized	
  in	
  stages:	
  5	
  x	
  100	
  –	
  5	
  x	
  250	
  GeV	
  [stage-­‐1]	
  to	
  20	
  x	
  250	
  GeV	
  [full]

novel	
  electroweak	
  probes
(not	
  accessible	
  at	
  low	
  energies)	
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example: projected eRHIC DIS data for g1
p

•	
  bands	
  reflect	
  current	
  uncertainties	
  on	
  g1
p	
  

	
  	
  	
  DSSV+	
  estimate

Ee×Ep	
  	
  
[GeV]

√s	
  
[GeV]

xmin	
  	
  	
  	
  for	
  	
  ymax	
  =	
  0.95	
  and
Q2	
  =	
  1	
  GeV2	
  	
  	
  	
  	
  	
  	
  	
  	
  Q2	
  =	
  	
  2	
  GeV2

5	
  x	
  100 44.7 5.3	
  x	
  10-­‐4	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.1	
  x	
  10-­‐3

5	
  x	
  250 70.7 2.1	
  x	
  10-­‐4	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4.2	
  x	
  10-­‐4

20	
  x	
  250 141.4 5.3	
  x	
  10-­‐5	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.1	
  x	
  10-­‐4

•	
  3	
  sets	
  of	
  realistic	
  energy	
  settings	
  	
  studied:	
  

•	
  4	
  [5]	
  bins/decade	
  in	
  Q2	
  [x]	
  (spaced	
  logarithmically)

Aschenauer,	
  Sassot,	
  MS
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start	
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taken	
  from
Blumlein,
Bottcher
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  MS
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  ymax	
  =	
  0.95	
  and
Q2	
  =	
  1	
  GeV2	
  	
  	
  	
  	
  	
  	
  	
  	
  Q2	
  =	
  	
  2	
  GeV2

5	
  x	
  100 44.7 5.3	
  x	
  10-­‐4	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.1	
  x	
  10-­‐3

5	
  x	
  250 70.7 2.1	
  x	
  10-­‐4	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  4.2	
  x	
  10-­‐4

20	
  x	
  250 141.4 5.3	
  x	
  10-­‐5	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.1	
  x	
  10-­‐4

•	
  3	
  sets	
  of	
  realistic	
  energy	
  settings	
  	
  studied:	
  

•	
  4	
  [5]	
  bins/decade	
  in	
  Q2	
  [x]	
  (spaced	
  logarithmically)

5	
  x	
  250	
  starts	
  here

5	
  x	
  100	
  starts	
  here

similar	
  data	
  sets	
  generated
for	
  SIDIS	
  with	
  identified
charged	
  pions	
  and	
  kaons

Aschenauer,	
  Sassot,	
  MS
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powerful tool: scaling violations at small x
rough	
  small-­‐x	
  approximation	
  to	
  Q2-­‐evolution:	
  

spread	
  in	
  Δg(x,Q2)	
  translates	
  into
spread	
  of	
  scaling	
  violations	
  for	
  g1(x,Q2)

stage-­‐1	
  physics	
  starts	
  here

•	
  error	
  bars	
  for	
  moderate	
  10Y-­‐1	
  per	
  c.m.s.	
  energy;	
  bands	
  parameterize	
  current	
  DSSV+	
  uncertainties

•	
  need	
  x-­‐bins	
  with	
  a	
  least	
  two	
  Q2	
  values	
  to	
  compute	
  derivative	
  (limits	
  x	
  reach	
  somewhat)

need	
  full	
  energy	
  eRHIC	
  down	
  here

Sassot,	
  MS

Thursday, June 21, 12



impact of eRHIC data on helicity PDFs

DIS	
  scaling	
  violations	
  mainly	
  determine	
  Δg	
  at	
  small	
  x	
  	
  	
  (	
  SIDIS	
  scaling	
  violations	
  add	
  to	
  this)	
  

Q2	
  =	
  10	
  GeV2

Sassot,	
  MS
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  scaling	
  violations	
  add	
  to	
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Q2	
  =	
  10	
  GeV2

dramatic	
  reduction	
  of	
  uncertainties:

“before”

“after”
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DIS	
  scaling	
  violations	
  mainly	
  determine	
  Δg	
  at	
  small	
  x	
  	
  	
  (	
  SIDIS	
  scaling	
  violations	
  add	
  to	
  this)	
  

in	
  addition,	
  SIDIS	
  data	
  provide	
  detailed	
  flavor	
  separation	
  of	
  quark	
  sea

•	
  includes	
  only	
  “stage-­‐1	
  data”
	
  	
  	
  [even	
  then	
  Q2

min	
  can	
  be	
  2-­‐3	
  GeV2]	
  

•	
  can	
  be	
  pushed	
  to	
  x=10-­‐4	
  	
  with
	
  	
  	
  20	
  x	
  250	
  GeV	
  data	
  
	
  	
  	
  [still	
  one	
  can	
  play	
  with	
  Q2

min	
  ]	
  

“issues”:

•	
  (SI)DIS	
  @	
  eRHIC	
  limited	
  by
	
  	
  	
  systematic	
  uncertainties
	
  	
  	
  need	
  to	
  control	
  rel.	
  lumi,	
  polarimetry,
	
  	
  	
  detector	
  performance,	
  …	
  very	
  well

•	
  QED	
  radiative	
  corrections
	
  	
  	
  need	
  to	
  “unfold”	
  true	
  x,Q2

	
  	
  	
  	
  well	
  known	
  problem	
  (HERA)
	
  	
  	
  BNL-­‐LDRD	
  project	
  to	
  sharpen	
  tools	
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impact of eRHIC data in terms of χ2 profiles 

•	
  dramatic	
  improvements	
  for	
  [truncated]	
  first	
  moments	
  	
  	
  

	
  	
  	
  best	
  visualized	
  by	
  χ2	
  profiles	
  obtained	
  with	
  Lagrange	
  multipliers

Z
x

max

x

min

�f(x,Q2)dx

•	
  example:	
  Δg	
  in	
  x-­‐range	
  0.001-­‐1	
  without/with	
  stage-­‐1	
  eRHIC	
  data	
  

•	
  not	
  well	
  constrained	
  by	
  current	
  data
	
  	
  	
  profile	
  not	
  parabolic
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  data

•	
  not	
  well	
  constrained	
  by	
  current	
  data
	
  	
  	
  profile	
  not	
  parabolic

•	
  eRHIC	
  [stage-­‐1]	
  DIS	
  data
	
  	
  	
  lead	
  to	
  significant	
  improvement	
  
	
  	
  	
  profile	
  parabolic;	
  Hessian	
  method	
  also	
  works	
  	
  	
  

impact of eRHIC data in terms of χ2 profiles 
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  given	
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  usually	
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  to	
  a	
  faithful	
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  take	
  conservative	
  Δχ2	
  =	
  9	
  as	
  in	
  DSSV	
  analysis	
  	
  

•	
  appropriate	
  tolerance	
  Δχ2	
  	
  can	
  be
	
  	
  	
  further	
  refined	
  once	
  data	
  are	
  available

impact of eRHIC data in terms of χ2 profiles 
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impact of eRHIC data in terms of χ2 profiles 

similar	
  improvements
can	
  be	
  found	
  for
all	
  quark	
  flavors
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closing in on the spin sum rule
•	
  combined	
  correlated	
  uncertainties	
  for	
  ΔΣ	
  and	
  Δg	
  

•	
  can	
  expect	
  approx.	
  5-­‐10%
	
  	
  	
  uncertainties	
  on	
  ΔΣ	
  and	
  Δg

	
  	
  but	
  need	
  to	
  control	
  systematics

current	
  data
	
  	
  	
  	
  	
  	
  	
  alone

w/	
  eRHIC	
  data

•	
  similar	
  improvement
	
  	
  	
  for	
  0.0001-­‐1	
  moments

	
  	
  	
  needs	
  20	
  x	
  250	
  GeV	
  data

•	
  results	
  obtained	
  with	
  two
	
  	
  	
  Lagrange	
  multipliers

Sassot,	
  MS

Thursday, June 21, 12



three-dimensional quantum phase space
tomography of the nucleon
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the path to imaging quarks and gluons
•	
  PDFs	
  do	
  not	
  resolve	
  transverse	
  momenta	
  or	
  positions	
  in	
  the	
  nucleon

•	
  fast	
  moving	
  nucleon	
  turns	
  into	
  a	
  `pizza’	
  but	
  transverse	
  size	
  remains	
  about	
  1	
  fm
transverse

plane
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  to	
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required	
  set	
  of	
  measurements	
  &	
  theoretical	
  concepts	
  

f(x)
parton	
  densities

1-­‐D
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semi-­‐inclusive	
  DIS
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  related	
  by

Fourier	
  transf.
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5-­‐D
Wigner	
  function

important	
  in	
  other	
  branches	
  of	
  Physics

high-­‐level	
  connection
measurable	
  ?
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physics of transverse momentum dependent PDFs

•	
  theoretically	
  interesting	
  multi-­‐scale	
  problem:	
  	
  	
  	
  	
  

observable:	
  azimuthal	
  modulations	
  
of	
  6-­‐fold	
  differential	
  SIDIS	
  cross	
  section

•	
  TMD	
  framework/factorization	
  applicable	
  for

•	
  so	
  far	
  only	
  valence	
  quark	
  TMDs	
  extracted	
  from	
  fixed	
  target	
  data

•	
  slew	
  of	
  different	
  TMDs	
  can	
  be	
  defined	
  

Q2,ph
T

Q2�ph
T
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Sivers	
  function

•	
  measures	
  spin-­‐orbit	
  correlations
•	
  link	
  to	
  parton	
  orbital	
  motion	
  (through	
  models)
•	
  reveals	
  non-­‐trivial	
  aspects	
  of	
  QCD	
  color	
  gauge	
  invariance
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impact of eRHIC on TMD studies
multi-­‐dim.	
  binning	
  possible	
  thanks	
  to	
  eRHIC	
  luminosity
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accessing the gluon Sivers function 
another	
  unique	
  opportunity	
  at	
  eRHIC:	
  study	
  azimuthal	
  asymmetry	
  correlating	
  the
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  transverse	
  momentum	
  of	
  D-­‐D	
  pair	
  with	
  transverse	
  proton	
  spin

angle	
  between	
  proton	
  spin	
  and	
  kT	
  of	
  D-­‐meson	
  pair

based	
  on	
  some
model	
  estimate
for	
  gluon	
  Sivers

error	
  estimate
assuming	
  100	
  Y-­‐1

T.	
  Burton,	
  F.	
  Yuan,	
  ...
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generalized parton densities in a nutshell 

GPDs	
  depend	
  on:

•	
  momentum	
  transfer	
  t

•	
  resolution	
  scale	
  Q	
  	
  

•	
  long.	
  momentum	
  before	
  and
	
  	
  	
  	
  after	
  the	
  scattering:	
  x,	
  ξ

=	
  interference	
  between	
  different	
  nucleon	
  states	
  (not	
  a	
  probability)
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= Hq ū(p0, s0)�+u(p, s) + Eq ū(p0, s0)
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imaging in transverse position space 

‣	
  obtain	
  GPDs	
  from	
  global	
  analysis	
  of	
  DVCS	
  and	
  vector	
  meson	
  data
	
  	
  	
  	
  slew	
  of	
  angular	
  &	
  polarization	
  observables	
  (+	
  use	
  of	
  positron	
  beams)	
  to	
  disentangle	
  H	
  and	
  E	
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DVCS phase space: past-present-future 

Q2=100 GeV2

Q2=50 GeV2

planed DVCS at fixed targ.:
COMPASS- d�/dt, ACSU, ACST
JLAB12- d�/dt, ALU, AUL, ALL
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current DVCS data at colliders:
ZEUS- total xsec
ZEUS- d�/dt

H1- total xsec
H1- d�/dt
H1- ACU

current DVCS data at fixed targets:
HERMES- ALT HERMES- ACU
HERMES- ALU, AUL, ALL
HERMES- AUT Hall A- CFFs
CLAS- ALU CLAS- AUL

1
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10 3

10 -4 10 -3 10 -2 10 -1 1

HERA	
  results	
  on	
  GPDS
very	
  much	
  limited	
  by

lack	
  of	
  statistics

soon:	
  precise	
  imaging	
  
in	
  valence	
  region
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eRHIC pseudo-data and their impact 

‣	
  unpolarized	
  DVCS	
  mainly	
  sensitive	
  to	
  GPD	
  H

‣	
  unknown	
  GPD	
  E	
  from	
  angular	
  asymmetries

different	
  assumptions	
  for	
  E
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  Fazio,	
  D.	
  Mueller,	
  ...
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spatial imaging at work 

quarks quarks
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shift	
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  E
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spatial imaging at work 

quarks quarks
transversely	
  polarized	
  proton

shift	
  due	
  to	
  GPD	
  E

Jq,g =
1
2

Z
dxx [Hq,g(x, ⇠, t! 0) + Eq,g(x, ⇠, t! 0)]

icing	
  on	
  the	
  cake:

with	
  GPDs	
  H	
  and	
  E	
  determined,	
  one	
  can	
  access
`generalized	
  form	
  factors’	
  by	
  taking	
  x	
  moments,	
  e.g.,

total	
  angular	
  momentum	
  of	
  quarks	
  and	
  gluons

Ji’s	
  sum	
  rule

D.	
  Mueller
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gluon

quarks

orbital
motion

spin

take away message

eRHIC offers many unique opportunities 
to greatly advance our understanding of 

the nucleon structure

precision studies of PDFs, TMDs, and GPDs 
will lead to the most comprehensive 

picture of the nucleon ever:
its flavor, spin, and spatial structure 
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take away message

eRHIC offers many unique opportunities 
to greatly advance our understanding of 

the nucleon structure

precision studies of PDFs, TMDs, and GPDs 
will lead to the most comprehensive 

picture of the nucleon ever:
its flavor, spin, and spatial structure 

‣	
  sufficient luminosity for multi-dimensional binning, ... 

requirements

‣	
  large enough c.m.s. energy to explore small x region 

‣	
  sufficient control of systematic uncertainties 

‣	
  state-of-the-art detector systems, well integrated into IR
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